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ABSTRACT We evaluated a new approach to AIDS 
therapy by using combinations of 
oligodeoxynucleotides (ODNs), delivered with a 
lipid-based carrier system, that target different HIV 
viral genome sites. We identified some of the factors 
that seem to influence the effectiveness of a 
combination strategy in cell cultures including ODN 
concentrations, type of infection (acute vs chronic), 
backbone modification of the ODN, and the number 
of sequences. When delivered by the DLS carrier 
system, some advantages of using a combination of 
ODNs over treatment with only one ODN could be 
observed in acute infection assays but not in the 
chronic infection model. These results suggest that in 
the acute infection model, the 3 different antisense 
ODNs in the "cocktail" might block an early step of 
virus replication by combined inhibitory effects. 
Various combinations of phosphorothioate-modified 
(PS) and unmodified oligonucleotides delivered by 
the DLS system were compared for their antiviral 
activity in a long-term acute assay using HIV-1 (IIIB 
strain)-infected MOLT-3 cells. The most effective 
combination had 3 phosphorothioate antisense ODNs: 
Srev, SDIS, and SPac (>99% inhibition at 100 pM). 
However, the additive effect determined when using 
ODN combinations was rather low, revealing the high 
level of nonsequence specificity in HIV-1 cell culture 
models. Data illustrated the high sequence nonspecific 
activity of ODNs, especially when comparing activity 
of antisense ODNs with activity of random control 
sequence ODNs. The latter exhibited an inhibitory 
effect similar to that of antisense ODNs under our 
experimental conditions. Nevertheless, we 
demonstrated that it is possible to achieve high anti-
HIV activity by using, in combination, picomolar 
range concentrations of antisense oligonucleotides 
complexed to a lipid-based carrier system such as the 
DLS system, without increasing cell toxicity.  
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INTRODUCTION
Antisense oligonucleotides are new antiviral agents 
for HIV infection that have shown potential 
therapeutic application against HIV-1 (1-3). DNA 
oligonucleotides hybridize to target RNA by 
Watson-Crick base pairing to inhibit translation by 
simply blocking ribosomal reading or inducing 
degradation of the RNA part of duplexed 
DNA/RNAs by activation of RNase H (4). DNA 
with natural phosphodiester linkages has been found 
to be rapidly degraded by nucleases and to poorly 
cross cellular membranes. To overcome these 
problems, a first generation of chemically modified 
oligonucleotides has been developed based on 
backbone modifications. Phosphorothioate-modified 
(PS) oligonucleotides, in which an oxygen atom of 
the phosphodiester linkage has been replaced by a 
sulfur atom, are the most common oligonucleotide 
analogs to have been investigated. Several regions of 
the HIV genome have been targeted by 
phosphorothioate antisense oligonucleotides 
including rev, tat, gag, pol, env, and noncoding 
regions such as the 5'-LTR. Antisense 
oligonucleotides were effective in both acute and 
chronic infections (5-8).  

Recently, 2 novel antisense sequences named SDIS 
and SPac, which are derived from the 5’-end of the 
HIV-1 genome, have been developed in our 
laboratory and tested in acutely and chronically 
infected cells against laboratory and clinical HIV-1 
isolates. The 26-mer phosphorothioate antisense 
molecule SDIS is complementary to a highly 
conserved sequence localized between the primer 
binding site and the major splice donor site spanning 
nucleotides +245 to +270 (9). This sequence is 
considered to be essential for HIV-1 RNA 
dimerization (10, 11) and encapsidation (12, 13). The 
30-mer phosphorothioate antisense molecule SPac is 
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complementary to a sequence localized between the 
major splice donor site and the first ATG gag
initiation codon (+295 to +324 nt) and corresponds 
to the packaging signal psi (ψ) (13-15). Results of 
the anti-HIV assays done with SDIS and SPac were 
encouraging because the 2 sequences were found to 
be as potent as the well-documented antisense 
oligonucleotides anti-rev (5) and GEM 91 (16) in 
inhibiting HIV-1 replication in vitro. GEM 91 is a 
25-mer oligodeoxynucleotide directed against the 
translation initiation site of HIV-1 gag mRNA, 
which has been extensively studied for its anti-HIV 
activity (3, 7, 17).  

The study evaluated a new approach for the 
treatment of HIV infection by using a combination of 
different oligodeoxynucleotides (ODNs) complexed 
to a lipid-based carrier system. Our intention in using 
such a combination strategy was to interfere 
simultaneously at different levels in the replication of 
HIV-1 by using different ODNs that have distinct 
targets on the viral genome in order to improve the 
efficacy of oligonucleotide technology. The potential 
advantages of a combination approach using 
antisense technology are multiple and include the 
presence of additive inhibitory effects on HIV-1 
replication by a combination of different 
mechanisms of action; the possibility of targeting 
different viral genome sites at the same time, thereby 
minimizing the emergence of escape mutants; and 
the reduction of individual oligonucleotide 
concentration, making clinical application more 
feasible.  
Table 1. Sequence of the Oligonucleotides Used in Combination 
for the Treatment of HIV-1 Infection In Vitro 
ODNs and 
Cocktails  

Nucleotide Sequence and Cocktail Composition  

Srev or rev 
(antisense) 5’-TCGTCGCTGTCTCCGCTTCTTCCTGCCA-3’ 

SDIS (antisense) 
DIS (antisense) 

5’-CTCTTGCCGTGCGCGCTTCAGCAAGC-3’ 5’-
CTCTTGCCGTGCGCGCTTCAGCAAGCCG-3’ 

SPac (antisense) 5’-TCTAGCCTCCGCTAGTCAAAATTTTTGGCG-3’ 
RS (random) mixture of all 4r nucleotides 
RD (random) mixture of all 4 nucleotides 
Cocktail -1 rev-DIS-RD 
Cocktail - 2 rev-DIS-RS 
Cocktail - 3 Srev-SDIS-RS  
Cocktail - 4 Srev-SDIS-Spac  
Cocktail - 5 Srev-SDIS-SPac-RS  

Oligonucleotides Srev, SDIS, SPac, and RS (random) were 
synthesized with a phosphorothioate backbone.  
Oligonucleotides rev, DIS, and RD (random) were synthesized 
with phosphodiester linkage.  

We investigated the ability of a combination of 
ODNs used in HIV-infected cell cultures to provide 
the advantages expected from a multitargeting 
approach. We first compared the level of the antiviral 
activity, the viral breakthrough, and the effects on 
cell survival of a 3-ODN combination with single-
ODN regimens in both acute and chronic infection 
models at low concentrations by using the DLS lipid-
based delivery system. DLS formulation was 
recently evaluated in our laboratory for in vitro 
delivery of ODNs and was found to be a successful 
approach for enhancement of cellular uptake and 
antisense activity of this class of compounds (18). 
Second, to improve the potency of the combination 
approach with oligonucleotide analogs, we compared 
the anti-HIV activity of different combinations of 
oligonucleotides delivered by the DLS carrier system 
in acutely infected MOLT-3 cells. Multiple steps in 
the HIV replicative cycle have been targeted by 
using phosphorothioate-modified and unmodified 
antisense molecules with different RNA targets 
(translation of the Rev protein, dimerization site, and 
packaging signal site) and scrambled sequences 
known to have nonspecific effects on HIV 
replication. To our knowledge, the anti-HIV activity 
of a continuous multidrug regimen with unmodified 
and phosphorothioate-modified ODNs delivered by a 
lipid-based carrier system in vitro has never been 
investigated for the treatment of HIV infection. 

MATERIALS AND METHODS
Oligodeoxynucleotide sequences
Oligodeoxynucleotides were synthesized by an 
automated DNA synthesizer (BioServe 
Biotechnologies, Laurel, MD) with a sulfur atom 
introduced at each phosphodiester linkage for 
phosphorothioate-modified ODNs. Synthesis was 
carried out on a 1 μM scale. The oligonucleotides 
were deblocked, desalted, and purified by 
polyacrylamide gel electrophoresis (PAGE). The 
ODNs were quantitated by UV absorbance at 260 nm 
(1 OD ≈ 33 μg of DNA). Sequences used in 
combination regimens are shown in Table 1. Three 
antisense sequences known to have anti-HIV activity 
were used: SDIS and SPac, which are 
phosphorothioate-modified sequences 
complementary to a non-coding portion of the 5'-end 
of the HIV-1 genome and the phosphodiester form 
DIS; and a 28-mer ODN complementary to the 5’-
end sequence of HIV-1 rev mRNA in either a 
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phosphorothioate (Srev) or phosphodiester (rev) 
form (5). SDIS is complementary to a highly 
conserved sequence considered essential for HIV-1 
RNA dimerization and encapsidation. SPac is 
complementary to the RNA packaging signal psi (ψ).
Scrambled ODNs that are not complementary to any 
sequence motifs of the HIV-1 genome were also 
used in combination regimens: a 28-mer random 
sequence in a phosphorothioate (RS) or 
phosphodiester (RD) form. The compositions of the 
5 different combinations evaluated herein are shown 
in Table 1. 

Cells and virus 
The CD4+ human lymphoid cell line MOLT-3 was 
kindly provided by Dr R.-P. Sekaly (Clinical 
Research Institute of Montreal, Québec, Canada) and 
the CD4+ human lymphoblastoid cells chronically 
infected with HIV-1 (IIIB) (H9/HTLV-IIIB NIH 
1983) (19, 20) were obtained from the NIH AIDS 
Research and Reference Reagent Program 
(Rockville, MD). Uninfected and infected cells were 
cultured in RPMI 1640 culture medium (Gibco BRL, 
Grand Island, NY) supplemented with 10% heat-
inactivated fetal calf serum, L-glutamine (4 mM), 
and gentamycin (50 μg/mL) at 37°C in a 5% CO2

atmosphere. HIV-1 laboratory strain IIIB was 
obtained from Advanced BioScience Laboratories 
Inc (Kensington, MD) and was used to infect 
MOLT-3 cells.  

Preparation of ODN-lipid complexes
DLS liposomes consist of small unilamellar vesicles 
approximately 50 nm in diameter, which can 
complex with ODNs in an interactive molecular 
manner. After addition of DNA or ODN to DLS 
liposomes, a completely different multilamellar 
structure is formed, with particle size ranging from 
100 to 150 nm, that is very stable and shows great 
homogeneity. DLS liposomes were formed by 
mixing 1 mg of dioctadecylamidoglycylspermidine 
(DOGS; Promega, Madison, WI) and 1 mg of 
dioleoylphosphatidylethanolamine (DOPE; Sigma, 
Saint Louis, MO) as previously described (21, 22). 
Oligonucleotides were first complexed to DLS 
liposomes separately in sterile deionized water at a 
final concentration of 0.26 mg/mL. The preparations 
contained 10 μg of ODNs per 38 μL of rehydrated 
lipids. The preparations were incubated at room 
temperature for at least 30 minutes before they were 

added to the cells. Dilution of DLS-associated ODNs 
in sterile deionized water was made to obtain 
appropriate concentrations, and combinations of 
different ODNs were made at an equal molar ratio 
after complexation. DLS-ODN complexes were 
stored at 4°C until the next treatment 3 or 4 days 
later. Fresh DLS-ODN complexes were prepared 
every week (every 2 treatments).  

Antiviral Assays
To compare the antiviral activity of the 3-ODN 
combination Srev-SDIS-SPac with that of single-
ODN regimens at low concentrations, we used 
MOLT-3 cells acutely infected with HIV-1 
laboratory strain IIIB as a model. Cells were infected 
at a viral titer of TCID50 = 2000 (viral stock 2000 
TCID50/mL). After 2 hours adsorption at 37°C,
infected and control cells were washed twice with 
RPMI culture medium to remove unabsorbed virus 
and were resuspended in fresh complete medium. 
Cells were plated into 96-well microtiter plates at a 
concentration of 4 x 105 cells/mL and were treated 
for up to 28 days with different DLS-associated 
ODNs added either alone or in combination. The 
ODN combinations were formed by adding equal 
amounts of each DLS-ODN preparation. For 
example, to obtain a final concentration of 100 pM 
with a combination of 3 ODNs, each ODN was 
added to the formulation at a concentration of 33 pM. 
Every 3 or 4 days, cells were split to 4 x 105 cells/mL 
and supernatants were collected to determine the 
presence of HIV.  

To test the efficiency of the 3-ODN combination in 
chronic infection, we used H9 cells chronically 
infected with HIV-1 (IIIB) as a model. Cells were 
plated into 96-well microtiter plates at a 
concentration of 4 × 105 cells/mL, and ODN 
combinations were added as DLS-ODN preparations 
at 0.1 and 1 pM final concentrations. The cells were 
kept in culture for 4 days, and HIV-1 replication was 
determined by the p24 antigen assay.  

To compare the antiviral activity of different 
combinations of ODNs in a long-term assay, MOLT-
3 cells were infected with HIV-1 laboratory strain 
IIIB at a viral titer of TCID50 = 1000 as described 
above. Cells were plated into 96-well microtiter 
plates at a concentration of 4 x 105 cells/mL and 
treated for up to 21 days with different DLS-
associated ODN combinations at 100 pM final 
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concentrations. Every 3 or 4 days, cells were split to 
4 x 105 cells/mL and supernatants were collected to 
determine the HIV-1 activity.  

Determination of virus replication
Virus replication was determined by detection of 
p24 HIV-1 viral core antigen in cell-free 
supernatants by a p24 antigen-capture assay 
(Coulter Immunology, Frederick, MD). Cell 
viability was monitored by the tetrazolium-based 
colorimetric cell proliferation (Cell viability was 
monitored by use of a colorimetric assay, based on 
the reduction of the tetrazolium salt (23)). 

Statistical analysis 
Experimental groups were expressed as mean ±
standard deviation and compared with control 
groups or different treatment groups using the 
single-factor analysis of variance. When statistical 
significance (P < .05) was reached with the F test, 
comparisons of the means were then performed 
using either the Tukey-HSD test or the Student t
test. A P value of .05 or less was considered 
significant. 

RESULTS
Inhibition of viral production in acutely infected 
MOLT-3 cells by DLS-complexed ODNs used 
either alone or in combination.
To evaluate the beneficial effects of the 3-ODN 
combination regimen on HIV-1 replication at low 
ODN concentrations, we used the DLS delivery 
system to achieve subnanomolar concentrations. We 
compared the antiviral activity of the 3-ODN 
combination with each of the ODNs used 
individually in MOLT-3 cells acutely infected with 
HIV-1 (IIIB) in a long-term assay. The ODN 
"cocktail" and each individual ODN were 
complexed to DLS formulations before being added 
to the culture medium, and viral production in cell 
culture supernatants was determined every 3 to 4 
days after infection. The level of p24 antigen in 
each well was monitored for 28 days, and the 
highest values obtained in each sample were 
compared with each other. Results are presented in 
Figure 1 as percent inhibition of p24 production 
compared with infected, untreated cell culture 
controls. Antisense ODNs Srev and SPac showed 
limited activity at 10 pM concentration when used 
individually (inhibition of 28% and 11%, 

respectively), while SDIS showed a level of 
inhibition of 39%. At the same concentration, a 
higher level of inhibition was achieved when the 
same antisense ODNs at 10 pM final concentration 
were used in combination (60% inhibition) 
compared with Srev and SPac alone (P = .05). 
When the dose of ODNs was increased to 100 pM, 
antiviral activity was improved in cell cultures 
treated with antisenses used alone: 41% for Srev, 
53% for SDIS, and 37% for SPac. However, no 
significant difference between the inhibitory effects 
of the combination regimen Srev-SDIS-SPac and 
the single-ODN regimens could be detected at 100 
pM. Random PS ODN and sense SDIS delivered 
with the DLS system showed a 62% and 53% 
inhibition at 10 pM and a 68% and 61% inhibition 
at 100 pM, respectively. 

Figure 1. Long-term anti-HIV assay in acutely infected MOLT-3 
cells. The cells were infected with HIV-1 (IIIB) and cultured in 
presence of antisense oligonucleotides added either 
individually or in combination for 28 days (viral stock 2000 
TCID50/mL). Each individual ODN and the 3-ODN cocktail (Srev-
SDIS-SPac) were delivered by the DLS carrier system at final 
concentrations of 10 and 100 pM. The highest level of p24 
antigen in each assay was determined, and the data are given in 
terms of percent inhibition of p24 production, compared with the 
highest level of p24 antigen found in infected, untreated cell 
cultures. Values represent the mean (±±±± SD) of 2 separate 
experiments carried out in triplicate. 
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Figure 2. Long-term culture of HIV-1 infected MOLT-3 cells treated with antisense oligonucleotides added either individually or in 
combination delivered by the DLS carrier system. Cells were infected (viral stock 2000 TCID50/mL) and treated with ODNs individually or in 
combination at 100 pM final concentration. The 3-ODN cocktail was composed of Srev, SDIS, and SPac antisense ODNs at a concentration 
of 33 pM each. The level of p24 production was determined in the culture supernatants every 3 to 4 days by HIV-1 antigen capture assay. 
Values represent the mean of duplicate determinations (SD < 15%). 

Suppression of viral breakthrough by DLS-
complexed ODNs used individually or in 
combination in acutely infected MOLT-3 cells.

To determine if our 3-ODN combination was able to 
delay viral emergence for a longer period of time 
than a single ODN when used at subnanomolar 
concentrations, we used MOLT-3 cells infected with 
HIV-1 (IIIB) in a long-term assay. Cells were treated 
with the individual ODNs or with the 3-ODN 
combination delivered by the DLS carrier system at 
100 pM for 28 days. Results are shown in Figure 2. 
In infected, untreated cell cultures, HIV-1 was 
detected 14 days after infection. Neither SPac nor 

SDIS used individually at 100 pM were able to delay 
viral breakthrough for longer than 14 days. In 
contrast, Srev at 100 pM used alone delayed the 
emergence of virus for up to 21 days. The 3-ODN 
regimen with 33 pM of each antisense ODN showed 
the best activity, retarding the emergence of HIV-1 
for at least 21 days, with a decreased level of viral 
replication still evident at 28 days. 

Short-term antiviral activity of ODNs used alone or 
in a 3-ODN combination in chronically infected 
cells. 
We investigated the ability of the 3-drug cocktail to 
inhibit viral production by chronically infected 
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H9/HTLV-IIIB cells and compared the antiviral 
activity with that of single-ODN regimens. Cells 
were treated for 4 days with ODNs complexed with 
the DLS formulation added either separately or 
simultaneously as a 3-ODN combination, and viral 
replication was determined in cell culture 
supernatants. Results are shown in Figure 3. At 0.1 
pM, a slightly lower antiviral effect was observed 
with the 3-ODN combination (66% inhibition) 
compared with SDIS (81%) used individually (P = 
.05). In contrast, no statistical difference between the 
cocktail (66%) and Srev (73%) or SPac (77%) used 
alone was observed at this same concentration. When 
the dose was increased to 1 pM, no statistically 
significant differences between antiviral activity of 
single-ODN and 3-ODN regimens were seen because 
all regimens were equally efficient in inhibiting viral 
production (76% to 83% for single-ODN regimens 
and 80% for the 3-ODN cocktail). Random PS ODN 
delivered with the DLS system showed a 73% 
inhibition at 10 pM. 

Comparison of the anti-HIV activity of different 
combinations of oligonucleotides delivered by the 
DLS system.
To compare the effectiveness of different ODN 
cocktails, we evaluated their ability to inhibit viral 
replication in acutely infected MOLT-3 cells in a 
long-term model treatment. Drugs were delivered by 

the DLS carrier system, and antiviral activity at the 
peak of viral production was evaluated in cultures at 
a final concentration of 100 pM (Figure 4). Data 
were expressed in terms of percent inhibition of p24 
production compared with infected, untreated cell 
cultures. Results indicate that cocktails containing 
the random phosphodiester or phosphorothioate-
modified ODNs (cocktails 1, 2, 3, and 5) displayed 
lower activity than did cocktail 4, which was devoid 
of random ODN. In this assay, the 3-S-ODN 
cocktails 4 (Srev-SDIS-SPac) and 3 (Srev-SDIS-RS) 
were more effective than the 4-S-ODN cocktail 5 
(Srev-SDIS-SPac-RS) (P < .005 and P < .01, 
respectively). Cocktail 4 was the most effective, with 
92% inhibition of viral replication.  

Figure 4. Comparison of the anti-HIV activity of various 
oligonucleotide combinations in acutely infected MOLT-3 cells 
(viral stock 1000 TCID50/mL). ODN combinations were delivered 
by the DLS carrier system at 100 pM final concentration. Data 
are given in terms of percent inhibition of p24 antigen 
production compared with infected, untreated control cultures 
at the peak of infection. 1: combination of unmodified antisense 
rev, DIS, and random sequence RD at 33 pM each; 2: 
combination of rev, DIS, and phosphorothioate random 
sequence RS at 33 pM each; 3: combination of 
phosphorothioate antisense Srev, SDIS, and RS at 33 pM each; 
4: combination of Srev, SDIS, and SPac at 33 pM each; 5: 
combination of Srev, SDIS, SPac, and RS at 25 pM each, while « 
DLS » represents cells treated with DLS formulation only, at 100 
pM. Values represent the mean (± SD) of triplicate experiments. 

Figure 3. Short-term assay in H9 cells chronically infected with
HIV-1 (IIIB) . Cells were cultured in the presence of antisense
ODNs delivered by the DLS carrier system, either individually or
simultaneously in a 3-drug combination. After 4 days, p24
antigen was determined in cell culture supernatants. Values
represent the mean (±±±± SD) of at least 2 separate experiments
done in duplicate.
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Differences between cocktail 4 and other cocktails 
were evident as soon as 3 days after the beginning of 
the treatment (Figure 5). In fact, cocktail 4 showed 
high antiviral activity after only 3 days of treatment 
(>99%) and maintained a high level of inhibition 
during the entire experiment (21 days). Cocktail 1 
(rev-DIS-RD) showed maximum inhibitory effect at 7 
days (74%), a level of activity that decreased 
thereafter. Cocktail 2 (rev-DIS-RS) showed maximum 
activity at day 14 (88%), after which the antiviral 
activity decreased steadily. Cocktail 3 (Srev-SDIS-
RS) reached its peak of activity only after 17 days 
(86%), while cocktail 5 (Srev-SDIS-SPac-RS) showed 
its maximum inhibitory effect 7 days after treatment 
(58%). Therefore, cocktails 4 and 5, which contained 
the 3 antisense sequences, reached their maximal 
antiviral activity very soon after infection and 
maintained their level throughout the experiment, 
compared with the other cocktails, in which more 
variations in anti-HIV activity were observed or in 
which the maximum inhibitory activity was reached 
later after infection. Cocktail 5, however, showed 
lower activity than cocktail 4 throughout the 
experiment. At day 21, cocktails 3 and 4 were the 2 
most potent combinations (72% and 79% inhibition, 
respectively), while cocktail 2 was the least efficient 
combination (48% inhibition). However, differences 
between the antiviral activity of cocktails 3, 4, and 5 
were not statistically significant at this time.  

Cell survival of cultures acutely infected with HIV 
treated with the cocktail.
To determine the effects on cell survival of the 3-
ODN combination delivered by the DLS system, we 
compared the viability of infected MOLT-3 cells 
treated with each ODN used individually with that of 
infected cultures treated with the ODNs used in 
combination at 100 pM final concentration. After 28 
days of treatment, cell counts were compared (Figure 
6). The data are expressed in terms of percent cell 
viability compared with infected, untreated cell 
cultures. Overall, similar rates of cell survival were 
observed with the 3-ODN combination and the 
single-ODN treatments. The 3-ODN combination 
with 33 pM Srev, SDIS, and SPac caused less than 
15% cell mortality compared with control cultures 
throughout the 28-day experiment.  
Effects on cell survival of the 3-ODN combination 
treatment, with 33 pM each of Srev, SDIS, and SPac 
delivered by the DLS carrier system, were also 
evaluated in chronically infected H9/HTLV-IIIB 
cells. After 7 days, infected cells treated with the 
antisense ODNs used either individually or in 
combination at 100 pM showed no significant loss of 
viability compared with untreated control cultures 
(Table 2). Taken together, our results show that when 
ODNs were used in combination at 33 pM for each 
antisense ODN, no synergistic toxicity was observed 
compared with ODNs used individually at 100 pM.  

Figure 5. Long-term inhibition of HIV-1 strain IIIB by different oligonucleotide combinations in acutely infected MOLT-3 cells (viral stock 1000
TCID50/mL). Cells were treated with various combinations of ODNs delivered by DLS formulation at 100 pM final concentration. ODNs were added
in equal molar ratio to form the different combinations. Results are averages (±±±± SD) of 2 separate experiments done in duplicate (SD < 20%). 
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DISCUSSION
In this report, the in vitro antiviral effects of a 
combination of 3 phosphorothioate antisense 
oligonucleotides directed against the HIV-1 genome 
were evaluated in cell lines at subnanomolar 
concentrations using the DLS delivery system, which 
has been shown to be highly efficient in delivering 
DNA oligonucleotides in vitro (18). 

Figure 6. Cell survival of MOLT-3 cell cultures treated with 
antisense drugs delivered by the DLS carrier system. Cells 
acutely infected with HIV-1 (IIIB) were exposed to various 
antisense oligonucleotides added either individually or in a 3-
drug combination at 100 pM final concentration for 28 days. Cell 
counts were determined by the MTT assay every 3 to 4 days. 
The data are reported in terms of percent of cell viability, 
compared with infected, untreated cell cultures. Values 
represent the mean of 2 separate experiments done in duplicate. 
(SD < 15%). 

Table 2. Viability of H9 Cell Cultures Chronically Infected with 
HIV-1 (IIIB), Ttreated with DLS-associated Antisense 
Oligonucleotides Used Individually or In Combination at 100 pM. 
Treatment % Cell Viability  
DLS-Srev 87 ± 9 
DLS-SDIS 95 ± 5 
DLS-SPac 91 ± 3 
DLS-Cocktail 95 ± 6 

Cell counts were determined after 7 days of exposure by the 
MTT assay.
Percent of cell viability (± SD) was calculated by comparison to 
chronically infected, untreated cell cultures. The cocktail is a 
combination of Srev, SDIS, and SPac at 33 pM.

Here, MOLT-3 cells acutely infected with HIV-1 
(IIIB) were used as an acute infection model and H9 
cells chronically infected with HIV-1 (IIIB) as a 
chronic infection model. First, when antisense ODNs 
complexed with DLS-liposomes were tested in an 
acute infection model using MOLT-3 cells infected 
with HIV-1 (IIIB) in a long-term assay, higher 
inhibition of p24 production was achieved with the 
multidrug regimen compared with some single-ODN 
regimens (1.5 to 5.4-fold at 10 pM and up to 1.5-fold 
at 100 pM) (Figure 1). Also, in this same model, 
emergence of virus could be delayed for 7 days in 
infected cells treated with the 3-ODN combination 
compared with infected, untreated control cultures 
(Figure 2). The cocktail prevented the emergence of 
viral replication more effectively than did SDIS and 
SPac used individually but was as effective as Srev 
used alone. However, throughout the experiment, the 
viral production was lower in cells treated with the 3-
ODN combination than in cells treated with ODNs 
alone or in untreated cells. These results indicate that 
there are effectively some advantages in using 
combinations of oligonucleotides at low 
concentrations in acute infection. These advantages 
are not associated with an increase of cell toxicity 
because our assays on cell viability showed that 
antisense ODNs used in combination did not impair 
cell survival in this model (Figure 6). Nevertheless, 
the acute infection cell culture model highlighted the 
high activity of random ODNs at a level similar to 
that obtained with antisense sequences. 
Consequently, we further tested combinations 
including random modified ODN sequences. 

In contrast to acute infections, no beneficial effects 
were obtained with the multidrug regimen compared 
with single-drug regimens in our chronic infection 
model. Nevertheless, in those cells, we were still able 
to inhibit viral production by more than 75% by 
using very low concentrations of each ODN included 
in the combination (0.33 pM) and around 66% when 
the concentration of each ODN was reduced to 0.033 
pM. To our knowledge, anti-HIV activity of 
antisense oligonucleotides at such low concentrations 
has never before been reported for delivered ODNs, 
showing the high potency of the DLS delivery 
system. Antiviral activity at such low concentrations 
might eventually prove useful for in vivo application 
to avoid nonspecific effects and toxicity. 
Furthermore, our results on cell viability show that in 
combining antisense ODNs, we did not increase 
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cytotoxic effects compared with those of ODNs used 
individually (Table 2).  

Taken together, these results suggest that a 
combination of ODNs might present some 
advantages in acute infection but not necessarily in 
chronic infection. In chronically infected cells, the 
viral DNA is integrated to the cell genome and, thus, 
the early steps of infection such as virus entry and 
reverse transcription are not available for ODN 
activity and only the post-integration events can be 
targeted by the antisense molecules. Therefore, the 
advantages of a multitargeting approach seen in our 
acute infection model might be mainly due to non-
antisense and/or antisense additive or synergistic 
effects displayed during early pre-integration steps 
such as reverse transcription. Antisense ODNs SDIS 
and SPac might block reverse transcription by an 
antisense mechanism if hybridization with viral RNA 
occurs or by non-antisense mechanisms such as 
binding to reverse transcriptase (24). Furthermore, 
because ODNs were complexed to a synthetic 
carrier, they should not directly interact with events 
taking place at the cell membrane such as virus 
adsorption to the host cells and virus entry and/or 
fusion as reported in a recent study (25), thus 
eliminating potential non-antisense activity at these 
levels as an explanation for the higher level of 
antiviral activity of our cocktail seen in acute 
infection. In the previous study cited above (25), the 
ability of phosphorothioate oligonucleotides 
encapsulated in immunoliposomes to inhibit the cell-
to-cell transmission of virus by HIV-induced 
syncytium formation was evaluated in comparison 
with oligonucleotides free in solution. When the 
phosphorothioate oligonucleotides were added free 
to uninfected CD4+ C8166 cells co-cultured with 
chronically HIV-1 infected CEM cells expressing 
gp120 molecules, the formation of syncytia was 
completely blocked, whereas liposome-encapsulated 
oligonucleotides failed to block syncytium 
formation. These results demonstrate that liposomal 
encapsulation can prevent oligonucleotides from 
binding to CD4 and to the V3 loop of viral gp120 
and, therefore, block extracellular inhibition of virus 
at the steps of viral entry and fusion with the cell 
membrane.

To improve our cocktail of oligonucleotides and to 
better elucidate the mechanisms of activity of the 
ODN combinations, we evaluated several different 

combinations of 3 or 4 oligonucleotide sequences, 
unmodified and phosphorothioate-modified (PS), in 
MOLT-3 cells acutely infected with HIV-1 (IIIB). 
The combination containing 3 PS-ODNs was found 
to be more potent in inhibiting HIV-1 replication 
than was cocktail 1 composed of 3 unmodified 
ODNs (Figures 4 and 5), indicating that nonspecific 
inhibition due to backbone modification might be 
advantageous in enhancing the antiviral activity of a 
combination of ODNs. In some cocktails, we 
included a random sequence either in an unmodified 
or phosphorothioate-modified form to see if we 
could improve the efficacy of our cocktails by 
including a nonsequence-specific activity. The 3-
antisense combination Srev-SDIS-SPac showed the 
highest antiviral activity (Figures 4 and 5) and was 
the only cocktail to show a high level of inhibition as 
soon as 3 days after infection and to maintain its high 
level of activity throughout the experiment (Figure 
5). Therefore, in our cell assay, we showed that it is 
more advantageous to use a combination of 3 
antisense phosphorothioate sequences than to use a 
combination of 2 phosphorothioate or unmodified 
antisense sequences plus a random sequence. These 
results indicate that the choice of the sequence might 
influence the antiviral activity of a given 
combination. By comparing the antiviral activity of 
the cocktail Srev-SDIS-SPac with that of the cocktail 
Srev-SDIS-SPac-RS, we also demonstrated that the 
number of sequences is a factor for the effectiveness 
of the combination. Indeed, in our assays, we could 
achieve higher antiviral activity with the 3-ODN 
combination than with the 4-ODN combination at 
100 pM final concentration. This result cannot be 
explained only by a dilution factor because a high 
level of inhibition was obtained by using a 
combination of 3 ODNs at 10 pM final concentration 
(Figure 1), thus a combination made from 3.3 pM of 
each ODN, compared with 25 pM of each ODN for 
the 4-ODN combination. However, one should be 
cautious when comparing these data because the 2 
cell assays were not exactly identical. Furthermore, 
when we compared the antiviral activity of the 4-
ODN cocktail Srev-SDIS-SPac-RS with the 3-ODN 
cocktail Srev-SDIS-RS, we found that a relatively 
smaller difference between their antiviral activity 
could be observed than between that of cocktails 
Srev-SDIS-SPac-RS and Srev-SDIS-SPac (Figure 4). 
This suggests that the presence of the random 
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sequence could be in part responsible for the 
reduction in the efficacy of the 4-ODN combination. 

Studies on drug-combination strategy using antisense 
ODNs are extremely rare, making comparisons very 
difficult. In another study (26) in which two 28-mer 
antisense ODNs, anti-rev and anti-gag, were tested in 
combination, the authors reported that after 4 weeks 
of treatment, the 2-drug regimen treatment did not 
result in increased inhibitory activity against HIV-1 
(Ba-L) isolate in monocytes/macrophages cultures at 
concentrations ranging from 0.1 to 1.5 μM, or HIV-1 
(IIIB) isolate in peripheral blood mononuclear cells 
(PBMC) cultures at concentrations ranging from 0.1 
to 1 μM, compared with the single-drug regimens. In 
contrast, in our previous study, the 3-ODN cocktail 
(Srev-SDIS-SPac), added free to the culture medium, 
inhibited the replication of an HIV-1 clinical isolate 
(VR2844A) in PBMCs more effectively than each 
ODN used alone at final concentrations of 0.1 and 
0.5 μM, 7 days postinfection (Lavigne et al., under 
consideration for publication). However, the 
apparent advantage of the combination strategy in 
our cell assay was observed only under certain 
conditions (at low concentrations and for a certain 
period of time). It will be interesting to explore, in 
another study, if a combination of ODNs delivered 
by the DLS system will result in an increase in its 
antiviral effects in this cell assay, as we observed in 
this study in our acute assays using cell lines. 
However, the difference between the previously 
reported results and our results with clinical isolates 
might be explained in part by unique properties of 
the isolates tested and the cell assay used (27). Also, 
as shown in this study, the choice and the number of 
sequences evaluated in combination may affect the 
efficiency of the combination treatment and therefore 
may explain, in part, the difference between these 2 
studies with clinical isolates.  

As the additive effect of ODN combinations was, at 
most, low, our data revealed the high level of 
sequence nonspecificity of antisense ODN in the in 
vitro models used. High specific activity was 
demonstrated when using the same antisense PS-
ODNs in their free form (IC50, 10-100 nM in a 
short-term assay), suggesting as well their non-
antisense-associated inhibitory effect (data not 
shown). When delivered by the DLS system, IC50 of 
antisense ODNs was considerably reduced (1-10 pM, 
up to 100 000-fold), but DLS-ODNs exhibited higher 

sequence nonspecific activity. We restricted the 
scope of this study to the level of activity of the 
antisense oligonucleotides because the specificity of 
the activity has been addressed in another 
contribution (Lavigne et al., submitted) in which the 
anti-HIV activity of the phosphorothioate antisense 
oligonucleotides Srev, SDIS, and SPac was 
compared with the activity of 3 different control 
sequences: 2 sense sequences, a random sequence, 
and a G-quartet control sequence. The sequence-
specific activity of the antisense sequences varied 
according to the cell model, the type of control, and 
the dose used. In particular, this investigation 
illustrated the importance of the nonsequence-
specific activity of phosphorothioate and to a lesser 
extent phosphodiester ODNs on the HIV-1 
replication in in vitro models. The presence of a G-
quartet in ODN, along with particular sequences 
flanking the G-quartet, may also enhance nonspecific 
effects (28). Furthermore, CpG motifs have been 
found to be highly immunostimulatory in mice (29, 
30). PS-oligonucleotides containing the dinucleotide 
motif CpG can increase immunoglobulin secretion 
and expression of B-cell activation markers such as 
MHC class II, induce interferons, augment natural 
killer cell activity, and stimulate the release of 
several interleukins from T cells. It is possible that 
release of interleukins such as interferon-gamma, 
tumor necrosis factor-alpha, or interleukin-12 may 
have anti-HIV activity in the assays used in this 
study and, thus, contribute to the random ODNs’ 
high activity. 

CONCLUSIONS
In conclusion, our observations provide new 
information about the beneficial effects of a 
combination treatment with antisense 
oligonucleotides in cell cultures. Our results suggest 
that a combination of 3 oligonucleotides delivered by 
a lipidic formulation could be advantageous in 
certain conditions of acute infection in vitro, but the 
advantage was not striking. In our chronic infection 
assay, no beneficial effects were obtained using 
oligonucleotides in combination. However, we were 
able to inhibit viral production with a cocktail of 
three ODNs with the same efficiency as using each 
ODN individually at very low concentrations (0.1 
and 1 pM) with the DLS delivery system. Additive, 
non-antisense-, and/or antisense-associated inhibitory 
effects acting at early steps of the viral replicative 
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cycle (between the virus entry and the proviral 
integration), which may include sequence-dependent 
inhibition and nonspecific effects, might account for 
the higher antiviral activity displayed by our 3-
phosphorothioate antisense combination (Srev-SDIS-
SPac) in the acute infection model. Despite their 
important non-antisense specific effect, ODNs still 
appear to be potential anti-HIV drugs. Our data 
suggest that a structure/function rather than 
antisense/function rationale should be taken into 
consideration for further development of this novel 
class of compounds. Therefore, studies of 
combinations of DNA oligonucleotides with CpG 
ODNs or decoy ODNs to a specific protein such as 
transcription factor (aptamer approach) (31) need to 
be done. In addition, combinations with other drugs 
such as nucleoside and non-nucleoside analogs or 
protease inhibitors might be an attractive approach 
for the development of new strategies against HIV 
infection (32). Moreover, delivery with a carrier 
system led to much more ODN activity and should 
enhance the antiviral effects of such a multidrug 
approach.  
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